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Abstract: With the rapid development of high speed rail system, ground vibration mitigation 10 
solutions are desperately needed. Based on the concepts of phononic crystals, seismic 11 
metamaterial, which is a novel vibration mitigation method, can theoretically yield excellent 12 
performance in shielding dynamic propagation waves in broad frequency bands. However, the 13 
application of seismic metamaterials in railway-induced vibration mitigation is a recent and 14 
ongoing topic. Therefore, this study aims to create new contribution towards a better 15 
understanding into the mitigation effects by seismic metamaterials for railway-induced 16 
ground vibrations. The seismic metamaterials are made of an array of concrete inclusions in 17 
this study. The dispersion theory for seismic metamaterials is proposed for analyzing the 18 
theoretical band gaps. A 3D coupled train-track-soil interaction model is also developed based 19 
on the multi-body simulation principle, finite element theory, and perfectly matched layers 20 
method using LS-DYNA. The dimensions of seismic metamaterials are determined based on 21 
the dominant frequencies of vibration accelerations in natural ground. When the seismic 22 
metamaterials are adopted in railway ground, the vibration responses are investigated in both 23 
time and frequency domains to illustrate the mitigation effects. Finally, the numbers of 24 
inclusions, initial distances, and train speeds are changed to investigate their influences on 25 
shielding effects. The insight from this study provides a new and better understanding of 26 
attenuating ground vibrations using seismic metamaterials in high speed railways. 27 
Keywords: seismic metamaterials; band gap; ground vibration mitigation; train-track-soil 28 
interactions 29 
1. Introduction 30 
High-speed rail is undergoing rapid development with the demand to increase operating 31 
train speeds all over the world [1-3]. Numerous high-speed trains with a maximum operating 32 
speed of 380 km/h are traveling in China. The demand to elevate train speed brings new 33 
challenges for high-speed rail infrastructures, especially for the ground-borne vibrations. 34 
Train-induced ground vibrations can negatively affect surrounding residents, buildings, 35 
tunnels, drainage systems, overhead wiring structures, and so on [4, 5, 34, 35, 36]. Effective 36 
and efficient vibration mitigation solutions are desperately needed for high speed rail 37 
networks. 38 
Considerable efforts have been made for the mitigation of the railway-induced vibrations. 39 
Active isolation techniques, such as floating slab tracks, softer rail pads and resilient wheels, 40 
have been investigated to attenuate railway vibrations from sources [6, 7]. Mitigation 41 
measures can also be applied to the propagation paths of dynamic waves in soils, termed as 42 
passive isolation. The passive isolation solutions can be open trenches, in-filled trenches, 43 
sheet pile walls, and so on [8, 9]. Although these solutions exhibit good vibration attenuation 44 
performance, there are some difficulties in practice when these structures are constructed in 45 
soils. For instance, the stability of opening holes is a concern, and the trench is challenging to 46 
be built in unstable and soft soils [10]. As a type of passive isolation, seismic metamaterial 47 
(SMM), which is a recently proposed solution based on the concepts of phononic crystals, is 48 
receiving increasing attention [11, 12]. 49 
The term metamaterials emerged from electromagnetism in a nano-scale world. During 50 
the last several decades, the investigation of SMM in attenuating all types of waves, such as 51 
ultrasound, acoustic, elastic, electromagnetic waves and even thermal fluctuations, has drawn 52 
considerable interest from a large number of scientists and engineers [13-15]. In engineering, 53 
SMM is a type of unique material designed and built to acquire one (or more than one) 54 
property not found in naturally occurring materials, such as a negative index of refraction [16]. 55 
The inclusions of SMM are normally designed using a combination of multiple elements 56 
arranged in repeating patterns. Due to the periodicity of the structure, the filtering effect of the 57 
SMM provides the possibility to attenuate the vibration in certain frequency bands. When the 58 
frequencies of the incident waves fall into a blind zone, termed as band gap, the waves can be 59 
blocked in any directions, so that they cannot propagate anymore [17, 18].  60 
With the development of the SMM field, many types of SMM have emerged with a 61 
decade of research. Based on the literature review, Brule et al. [14] proposed four categories 62 
of the SMM: seismic soil-metamaterials [19, 20], buried mass-resonators [21], above-surface 63 
resonators [11, 12], and auxetic materials [22]. The seismic-soil metamaterials are quite 64 
convenient to be adopted in soils. Brule et al. [23, 24] designed the SMM with a grid of 65 
cylindrical holes in soils and carried out large-scale field tests to investigate the Bragg’s effect 66 
and distribution of energies in soils. The band gap of such kind of SMM is around 50 Hz. 67 
Miniaci et al. [25] investigated the parameters that affect band gaps of SMM by carrying out a 68 
numerical analysis with large-scale mechanical metamaterials, which are made of cavities or 69 
rubber/steel/concrete-infilled inclusions. Numerous scholars have also investigated the band 70 
gaps of SMM by adopting an array of piles, which possess an excellent performance in 71 
mitigating vibrations [19, 20, 26]. Despite the recent advances in this field, the SMM is 72 
mostly designed for shielding seismic waves from earthquakes. Kaewunruen et al. [16] were 73 
the first to evaluate the railway-induced ground vibration mitigation using SMM with the aim 74 
of life-cycle performance analysis, indicating that the SMM has a high possibility to be used 75 
as wave barriers in railway ground. Thompson el al. [27] also proposed that the application of 76 
SMM in attenuating railway-induced ground vibrations is an open question and needs further 77 
investigations.  78 
Considering the vibration mitigation by SMM is recent, and the related research is still 79 
ongoing, this study aims to give a contribution of understanding the mitigation effects of 80 
SMM adopted in railways by carrying out a numerical analysis. An array of piles is chosen to 81 
be SMM in this study as the pile inclusions are the simplest way to be constructed in practice. 82 
The dispersion theory for SMM is first introduced to find out the theoretical band gaps. Then, 83 
a 3D coupled train-track-soil interaction model is developed using LS-DYNA to investigate 84 
the ground vibration mitigation effects using SMM. This study could bring an insightful and 85 
new understanding of the vibration mitigation by the novel solution of SMM in high-speed 86 
railways. 87 
2. Dispersion theory for seismic metamaterials 88 
The dispersion characteristics of the seismic metamaterial (SMM) can theoretically 89 
demonstrate the ground vibration mitigation components in frequency domain since the 90 
dispersion relation of the SMM illustrates the modes of wave propagation with passbands and 91 
band gaps, where seismic waves cannot pass. The dispersion theory for SMM is thus firstly 92 
introduced.  93 
 94 
Figure 1 Schematic representation of the SMM (a) Periodic array of barriers (b) Plan view (c) Unit 95 
cell in Comsol Multiphysics (d) The first Brillouin zone with the irreducible part (light grey 96 
triangle of vertices Γ-Χ-M) 97 
As shown in Figure 1 (a), the SMM appears typically as a periodic array of barriers to 98 
interact with the incident waves to mitigate the vibration responses. The concrete piles with 99 
circular sections are considered as inclusions of the SMM in this study. Both soil and 100 
inclusion are assumed to be homogenous, linearly elastic, and perfectly bonded materials 101 
[20]. 102 
2.1 Wave equation 103 
For the isotropic, linear elastic medium without considering of damping and body force, 104 
the governing equation of waves propagating in periodic structures is written as follows [20]: 105 
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where  is the mass density, u is the displacement vector, t is time,  is differential operator, 107 
and c is the elastic constant.  108 
2.2 Floquet-Bloch theory and periodic boundary conditions 109 
Since the SMM is a periodic system, a unit cell with the lattice constant a  can be 110 
studied for the dispersion relations by applying periodic boundary, as shown in Figure 1 (b) 111 
and (c). The Floquet-Bloch theory was originally developed to solve the differential equations 112 
of wave-like particles in physical sciences, and it is adopted here to study the behavior of 113 
wave propagation in the periodic unit cell [12]. According to the Floquet-Bloch theory, the 114 
displacement vector in Eq. (1) can be written as: 115 
( )( , ) ( )i tt e  −= k r ku r u r                           (2) 116 
where k is the Floquet-Bloch wave vector in the first Brillouin zone [28], r is the 117 
coordinate vector,  is the angular frequency, and ( )ku r  is a modulation function of the 118 
displacement vector. The modulation function is a periodic function defined in the unit cell: 119 
( ) ( )= +
k k
u r u r a                             (3) 120 
where a is the lattice constant vector, ( , )x ya a=a . In this study, the inclusions are 121 
arranged in the shape of square, therefore x ya a a= = . 122 
 Substituting Eq. (3) into Eq. (2), the periodic boundary conditions (PBC) for a unit cell 123 
are obtained, 124 
( , ) ( , )it e t+ = k ak ku r a u r                        (4) 125 
2.3 Dispersion equation and solutions 126 
By combining the Eq. (1) and Eq. (4), the dispersion relation of a periodic system can be 127 
transferred into an eigenvalue equation: 128 
2( ( ) )−  =Ω k M u 0                          (5) 129 
where Ω(k)  and M are the stiffness and mass matrices of the unit cell, respectively. The 130 
dispersion relation is an implicit function between the wave vectork and eigenfrequency . 131 
In order to consider all the wave propagation modes, the wave vector k  should be changed 132 
across the boundary of the first irreducible Brillouin zone (Γ-Χ-M) [28], as shown in Figure 1 133 
(d). For a wave vector where no frequency exists, it is termed the band gap, where no wave 134 
propagation appears. 135 
 The commercial software Comsol Multiphysics is used to solve the eigenvalue equation 136 
and dispersion relation. It is noted that the soil and inclusion are normally modeled with a 137 
large depth h to simulate the infinite thickness of the unit cell [29]. The PBC is applied to all 138 
vertical sides of the unit cell, while a fixed boundary is adopted on the bottom surface. The 139 
eigenfrequency studies and complex boundaries as Eq. (4) are chosen in the software. The 140 
eigenfrequencies are obtained by sweeping wave vectors in the first irreducible Brillouin zone, 141 
and the dispersion relation of the SMM is obtained by solving the eigenvalue equation. 142 
3. Modeling of the train-track-soil dynamic interactions 143 
Although the dispersion relation of the SMM illustrates the characteristics of seismic 144 
wave propagations, there are lots of assumptions with ideal conditions when the theoretical 145 
dispersion relation is obtained. The ground vibration mitigation effect using SMM in 146 
high-speed railways is unknown in practice. In order to investigate the ground vibration 147 
attenuation level using SMM in railways, a novel 3D coupled train-track-soil model is 148 
developed in LS-DYNA. The high-speed train is simulated based on the multi-body 149 
simulation (MBS) principle, and the slab track is developed based on the finite element 150 
modeling (FEM) theory. The soils and the SMM are simulated based on the FEM theory 151 
together with the Perfectly Matched Layers (PML) method. 152 
3.1 Modeling of the high-speed train and slab track 153 
A commonly operated Chinese high-speed train, the China Railway High-speed (CRH) 154 
380 Electric Multiple Unit (EMU) train, is simulated in this model. The vehicle consists of 155 
one car body, two bogies, four wheelsets, and two stage-suspension systems, as shown in 156 
Figure 2. The car body, bogies, and wheelsets are simplified as the rigid-bodies using shell 157 
and beam elements. The springs and dashpots connect these multi-rigid-bodies. As the vertical 158 
vibration is the primary excitation to the infrastructures, the vertical degrees of freedom (DOF) 159 
of the vehicle are considered in this model. The vehicle has 10 DOF, including the vertical 160 
and pitch motion of car body ( ,c cZ  ), the vertical and pitch motion of bogies 161 
( , 1,2bi biZ i = ), and the vertical motion of wheelsets ( 1,...,4wiZ i = ). 162 
 163 
Figure 2 Simulation of the vehicle 164 
The China Railway Track System (CRTS) II slab track is adopted in this model. It 165 
consists of rail, rail pads, concrete slab, cement asphalt (CA) mortar layer, and concrete base 166 
[30]. The rail is simulated as the Euler beam, which is supported by the discrete springs and 167 
dashpots to represent the rail pads. This beam model may yield around 5-8% of discrepancy 168 
when compared with Timoshenko beam theory. However, this discrepancy is acceptable for 169 
the purpose of track substructure vibration analysis since the vibrations at lower layers of 170 
tracks are already suppressed by the track structure [2]. The concrete slab, CA mortar, and 171 
concrete base are simulated as solid elements with brick mesh. 172 
The contact between wheel and rail is simulated based on the Hertz contact theory by 173 
using keywords: *Rail_Track and *Rail_Train. LS-DYNA can automatically calculate the 174 
wheel-rail contact force based on the following equation: 175 
( - - )H w rF K Z Z =                             (6) 176 
where
HK is the vertical stiffness of the wheel-rail contact spring, HK =1.325×10
9
 N/m in 177 
this study [31];
wZ is the vertical displacement of the wheel; rZ is the vertical displacement of 178 
the rail; and is the roughness of rail surface. The Germany high-speed low disturbance 179 
irregularity is used to excite the wheel-rail contact. The power spectrum density (PSD) 180 
function of the roughness is calculated as follows: 181 
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where
vA is the roughness constant (
7 24.032 10 m Rad/mvA
−=   );
c and r are the cutoff 183 
frequency ( 0.8246 rad/mc = , 0.0206 rad/mr = ); and is the spatial frequency of the 184 
roughness. The PSD function can be transformed into vertical roughness along the 185 
longitudinal distance of the track using a time-frequency transformation technique, as shown 186 
in Figure 3. 187 
The material properties of the CRH380 EMU Train and CRTS II slab track can be found 188 
from [4] and [5]. 189 
 190 
(a) Roughness with distance               (b) PSD with wavelength 191 
Figure 3 The roughness of rail surface 192 
3.2 Modeling of soils and seismic metamaterials 193 
Soils are composed of subgrade soils and ground soils. There are three layers in subgrade: 194 
surface layer with a depth of 0.4 m, bottom layer with a depth of 2.3 m, and subgrade body 195 
with a depth of 2.4 m [4]. The ground consists of one layer with a depth of 15 m [17]. These 196 
soils are simulated as viscoelastic material using solid elements. The mesh of brick is used to 197 
simulate a large portion of soils, and some adaptive shapes like wedge and cylinder are used 198 
to simulate the soils near SMM. 199 
The concrete inclusion of SMM is simulated using solid elements in this model. Note 200 
that infinite periodic structures do not exist in practice, therefore thirty six (6×6) inclusions 201 
are constructed to demonstrate the periodic characteristics of the SMM in the model. The 202 
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inclusions are simulated by solid elements. The dimensions of inclusions will be discussed in 203 
the following parts.  204 
As the most efficient infinite boundary, perfectly matched layers (PML) method is used 205 
to prevent spurious wave reflections from the truncated boundary [32, 33, 34, 35, 36, 37].  206 
 207 
Figure 4 The 3D coupled train-track-soil model in LS-DYNA 208 
 209 
Table 1 Material properties of soils and SMM 210 
Components 
Density 
(kg/m3) 
Modulus of 
elasticity (MPa) 
Poisson’s 
ratio 
Rayleigh 
damping 
Subgrade 
[4] 
Surface layer 2300 200 0.25 
α=0 
β=0.0002 
Bottom layer 1950 150 0.35 
Subgrade body 2100 110 0.3 
Ground [17] Ground soft soil 1800 20 0.3 
SMM [17] Concrete inclusions 2500 40000 0.2 - 
 211 
Figure 4 illustrates the coupled train-track-soil model in LS-DYNA. The dimension of 212 
the ground is 120 m × 130 m × 15 m. A double-track railway, which is commonly constructed 213 
in China, is simulated in the model. Note that the SMM is built at the right side of the railway, 214 
while the left side of ground has the same mesh but with ground soils inside. The materials 215 
properties of the soils and SMM are shown in Table 1. 216 
3.3 Numerical solution 217 
The vehicle is set to travel at a constant speed over the rail after the dynamic relaxation. 218 
The explicit central difference method is used to integrate the equations of motion of the 219 
coupled train-track-soil system by LS-DYNA with a time step of 1.23×10-5 s. 220 
4. Model validation 221 
The concrete and steel inclusions of the SMM are adopted to validate the proposed 222 
dispersion theory. The material properties and dimensions of the two types of inclusions are 223 
shown in table 2. The boundary conditions are set according to previous references [17, 18]. 224 
Table 2 Material properties and dimensions of two types of inclusions of SMM 225 
SMM 
Density 
(kg/m3) 
Modulus of 
elasticity (MPa) 
Poisson’s 
ratio 
a 
(m) 
r (m) h (m) 
Concrete inclusion 
[17] 
Concrete 2500 40000 0.2 
3 1.2 6 
Soil 1800 20 0.3 
Steel inclusion [18] 
Steel 7850 200000 0.33 
2 0.6 
15+5 
(bedrock) Soil 1800 153 0.3 
 226 
(a)                                     (b) 227 
Figure 5 Dispersion relations and mode shapes of SMM (a) Concrete inclusion (b) Steel 228 
inclusion 229 
The dispersion relation and mode shapes of the concrete and steel inclusions of the SMM 230 
are shown in Figure 5. The concrete inclusion has a band gap of 26-29 Hz, while the steel 231 
inclusion shows a band gap of 0-4.5 Hz, indicating that the dynamic waves will be 232 
theoretically attenuated at these frequencies within band gaps. The dispersion curves obtained 233 
from this study exhibit a very good agreement with previous references [17, 18]. Also, the 234 
mode shapes are quite similar to those from references [17, 18]. Therefore, the dispersion 235 
theory proposed in this study can illustrate the theoretical dispersion characteristics of the 236 
SMM. 237 
 The 3D coupled train-track-soil interaction model has been validated in previous studies, 238 
and the validation results can be found from [4] and [5]. 239 
5. Ground vibration analysis 240 
The pronounced frequency components should be mitigated in railways, and they 241 
correspond to the theoretical band gap of SMM. However, the band gaps vary with the 242 
dimensions of SMM. In order to determine the lattice constant and radius of the inclusions, 243 
the dominant frequencies of natural ground are first investigated from the coupled 244 
train-track-soil interaction model. The dimensions of the SMM are thus determined based on 245 
the pronounced frequency components of natural ground. The vibration responses from the 246 
models with and without SMM are then compared in time and frequency domain to illustrate 247 
the ground vibration mitigation effects using SMM in high-speed railways. 248 
5.1 Dimensions of seismic metamaterials 249 
 The frequency components of natural ground are obtained by applying Fast Fourier 250 
Transformation (FFT) to time history of vibration accelerations when the train travels with a 251 
speed of 380 km/h. Figure 6 illustrates the frequency distribution of railway ground without 252 
SMM.  253 
 254 
             (a)                       (b)                       (c) 255 
 256 
             (d)                      (e)                        (f) 257 
Figure 6 Frequency distribution of natural ground with varied lateral distances (a) 4.3 m (b) 258 
11.4 m (c) 18.4 m (d) 24.4 m (e) 30 m (f) 36.4 m 259 
When the soil is relatively close to the railway track (≤ 18.4 m), the pronounced 260 
frequencies are distributed in 36.5 - 42.5 Hz, as shown in Figure 6 (a), (b) and (c). It is likely 261 
that the repeated actions of wheelsets induce the component of 42.5 Hz as the theoretical 262 
frequency is 
1 1/ 380 / 3.6 / 2.5 42.2Hzf v l= = = ( 1l is the distance between two wheelsets). 263 
The resonance of track irregularities might induce the 36.5 Hz or 37.6 Hz. When the distance 264 
is longer than 18.4 m, the lower frequencies become dominant. The pronounced frequencies 265 
are in the range of 6.8 – 8.8 Hz, as shown in Figure 6 (d), (e) and (f). The repeated actions of 266 
bogies likely induce this frequency since the theoretical frequency is 267 
2 2/ 380 / 3.6 /17.5 6.03Hzf v l= = =  ( 2l is the distance between two bogies). Small 268 
differences between frequency components, such as 6.8 Hz and 8.8 Hz, are likely caused by 269 
different mesh sizes. Note that the environmental structures and residents are normally 270 
located at distances longer than 18.4 m, the attenuated frequencies should be lower than 9 Hz 271 
in this case.  272 
 The concrete inclusions are adopted in high-speed railways in this study. The depth of the 273 
SMM is 15 m to simulate the deep thickness according to [17]. Based on the characteristics of 274 
concrete inclusions from [17], the SMM exhibits a theoretical band gap with 0 - 9.1 Hz when 275 
the lattice constant is 2 m and radius of inclusions is 0.65 m, as shown in Figure 7. Therefore, 276 
the SMM with the selected dimensions can theoretically attenuate the dynamic vibrations 277 
with frequencies lower than 9.1 Hz, which is in line with the target frequencies obtained from 278 
the coupled train-track-soil interaction model. Also, the mode shapes at Point A and Point B 279 
exhibit a shear-like mode [18], indicating that the SMM can attenuate shear waves in railways. 280 
In short, the SMM with lattice constant of 2 m and radius of 0.65 m and depth of 15 m is 281 
adopted in the coupled train-track-soil interaction model to investigate the ground vibration 282 
mitigation effect in high-speed railways. 283 
 284 
Figure 7 Dispersion relation and mode shapes of the SMM adopted in railways 285 
5.2 Mitigation effect using seismic metamaterials 286 
 287 
Figure 8 Distribution of the SMM and monitor points in railways 288 
 The SMM with 36 (6×6) concrete inclusions is adopted in the railway ground, as 289 
illustrated in Figure 8. The initial distance (d) between the front edge of SMM and the center 290 
line of the right track is 18.4 m. The lateral distance along with two lines (Line I and Line II) 291 
are chosen as monitoring locations in this railway. Six points (Point A, B, C, D, E, and F) with 292 
different lateral distances are also selected as key points. The vibration responses from these 293 
monitoring locations are compared in both time and frequency domains. 294 
5.2.1 Time domain analysis 295 
 296 
(a)                                    (b)  297 
 298 
(c)                                    (d)  299 
 300 
(e)                                    (f)  301 
Figure 9 Time history of vibration accelerations (a) Point A (b) Point B (c) Point C (d) Point 302 
D (e) Point E (f) Point F 303 
Figure 9 shows the time history curves of the vibration accelerations at six key points in 304 
this railway. The SMM exhibits a significant vibration mitigation effect as the amplitudes of 305 
vibration accelerations with SMM are much lower than those without SMM. The attenuation 306 
effect is quite similar at 24.4 m (A and B) and 30 m (C and D). But the mitigation effect 307 
weakens at 36.4 m since Point E and F are located behind the SMM area.  308 
 309 
                   (a)                                     (b) 310 
Figure 10 Maximum acceleration with lateral distance (a) Line I (b) Line II 311 
 The maximum accelerations along with Line I and Line II are shown in Figure 10. When 312 
the distance is shorter than 18.4 m, which is the front edge of SMM area, the maximum 313 
accelerations with and without SMM exhibit no evident differences. However, when the 314 
dynamic waves approach the SMM area, the SMM exhibits a significant vibration mitigation 315 
effect. The maximum acceleration achieves a maximum reduction of 96% from 0.19 m/s2 to 316 
0.007 m/s2 in Line I, and 91% from 0.22 m/s2 to 0.02 m/s2 in Line II. Globally, the reduction 317 
effect along with Line I is better than that along with Line II. The significant vibration 318 
mitigation effect is mainly induced by the higher modulus and density that SMM possesses. 319 
When the distance is longer than the back edge of SMM area, the SMM can still attenuate the 320 
vibration accelerations. And the maximum accelerations converge to the same magnitude 321 
when the distance is longer than 50 m. It is noted that when the SMM is adopted in the 322 
railway, the maximum acceleration at 18.4 m is a little bit higher than that without SMM. It is 323 
likely that the dynamic waves reflect when they approach the barriers, resulting in higher 324 
ground vibration response at the front edge of SMM area. 325 
 326 
          (a) 327 
 328 
                                     (b) 329 
Figure 11 Contours of the ground vibration acceleration (a) 3D view (b) plan view 330 
 Figure 11 illustrates the contours of the ground vibration acceleration with two cases: 331 
with and without SMM. Note that the acceleration values are set between -0.1 m/s2 and 0.1 332 
m/s2 in order to present a clear propagation path of dynamic waves. The Mach cone 333 
phenomenon, which is analogous to a boat moving through the water, can be observed from 334 
the 3D view in both cases. But the SMM affects the propagations of dynamic waves, as 335 
shown in Figure 11 (a). Figure 11 (b) illustrates the distribution of waves varies with time. 336 
When the ground is natural, the dynamic waves can propagate continuously all the time. 337 
However, when the SMM is adopted, the dynamic waves change their propagation paths due 338 
to the barriers. The accelerations in the SMM area and at the right-back of SMM area exhibit 339 
noticeable vibration shielding effects. 340 
5.2.2 Frequency domain analysis 341 
 342 
                   (a)                                   (b)  343 
 344 
                  (c)                                     (d)  345 
 346 
                   (e)                                    (f)  347 
Figure 12 One-third octave band RMS spectrum of the acceleration level of ground (a) Point 348 
A (b) Point B (c) Point C (d) Point D (e) Point E (d) Point F 349 
 The root mean square (RMS) acceleration is an important indicator to evaluate the 350 
vibration level. The time histories of the ground vibration acceleration at a one-third octave 351 
band are obtained by conducting the filter processing to the frequency components. And the 352 
one-third octave band RMS spectrum can be calculated as follows: 353 
2
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lim [ ( )]
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N
rms w
N
ks
a a k
N→ =
=                          (8) 354 
where ( )wa k is the discrete-time history of acceleration at a one-third octave band, and sN is 355 
the sampling number. 356 
 The one-third octave band RMS spectrum at six key points are shown in Figure 12. The 357 
SMM exhibits excellent ground vibration mitigation effects in frequency domain. When the 358 
ground is natural, the pronounced frequency components are around 8 Hz and 40 Hz at Point 359 
A and B, but the frequency component of 8 Hz is significantly reduced when the SMM is 360 
adopted, as shown in Figure 12 (a) and (b). A similar reduction effect by using SMM can be 361 
observed for Point C, D, E and F. Since the theoretical band gap is 0-9.1 Hz, the dispersion 362 
relation predicts the attenuation frequency bands quite well. It is also noted that the reduction 363 
components are not only the pronounced component of 8 Hz but also the frequencies with a 364 
relatively large band (around 0-45 Hz), indicating that SMM could have a better mitigation 365 
effect in reality than theoretical predictions from dispersion analysis. 366 
 To quantify how much the acceleration level has been reduced due to the SMM in the 367 
one-third octave band RMS spectrum, the insertion loss (IL) from the ratio of the RMS 368 
acceleration of the ground without and with SMM is calculated as follows: 369 
without
with
IL = 20 lg
a
a
                              (9) 370 
where 
withouta  is the RMS acceleration of the ground without SMM, and witha  denotes the 371 
RMS acceleration of the ground with SMM. Positive values indicate a significant reduction of 372 
vibration level, while negative values correspond to an inverse amplification effect using 373 
SMM. 374 
 375 
             (a)                (b)               (c)               (d) 376 
Figure 13 Insertion loss (a) Theoretical band gap (b) IL at Point A and B (c) IL at Point C and 377 
D (d) IL at Point E and F 378 
 Figure 13 illustrates the IL at six key points when they are compared with the theoretical 379 
band gap. The SMM can reduce the vibration level with an IL of around 45 dB at 24.4 m 380 
(Point A and B). The maximum IL is 30 dB and 20 dB at 30 m (Point C and D) and 36.4 m 381 
(Point E and F), respectively. Therefore, the maximum mitigation effect reduces with the 382 
three distances. The IL shows its maximum values at frequencies of 0-9.1 Hz, which 383 
corresponds to the theoretical band gap. In addition, the SMM also globally exhibits good 384 
vibration mitigation effect when frequencies are lower than 40 Hz.  385 
 386 
           (a)                                     (b) 387 
Figure 14 Insertion loss (a) Line I (b) Line II 388 
 The IL along with two lines are shown in Figure 14. The maximum IL occurs in the 389 
SMM area at frequencies lower than 9 Hz, indicating the SMM performs a significant 390 
vibration attenuation effect. The two lines show a similar phenomenon referring to the IL, but 391 
the maximum IL has small differences (43.3 dB for Line I, and 45.6 dB for Line II). 392 
6. Parametric studies 393 
In order to obtain a comprehensive knowledge of the ground vibration mitigation using 394 
SMM in railways, the number of inclusions, the initial distances of the SMM, and the train 395 
speeds are changed to investigate their influences on the attenuation effects. 396 
6.1 Number of inclusions 397 
 The number of inclusions is chosen as 2×2, 4×4, and 6×6. The distribution of different 398 
numbers of inclusions can be seen from Figure 8. Figure 15 shows the ground vibration 399 
mitigation results under three cases.  400 
 401 
                   (a)                                    (b)  402 
Figure 15 Ground vibration responses with different numbers of inclusions (a) Maximum 403 
acceleration along with Line II (b) Insertion loss at Point D 404 
As shown in Figure 15 (a), the region A represents that the positions are located in SMM 405 
area for all three cases (2×2, 4×4, and 6×6, red square in Figure 8). The positions in region B 406 
are in SMM area for two cases (4×4, and 6×6, blue square in Figure 8), and points in region C 407 
are only in SMM area with 6×6 inclusions (Green square in Figure 8). In all three cases, the 408 
mitigation effect appears when the dynamic waves approach the SMM area. In region A, the 409 
values of attenuated accelerations are quite similar for three cases. In region B, the 410 
accelerations in the case of 4×4 inclusions are lower than those of 2×2 inclusions, but they are 411 
identical with those of 6×6 inclusions. In region C, the case of 6×6 inclusions exhibits the best 412 
mitigation effect. Therefore, no matter the number of inclusions, the SMM has similar 413 
mitigation acceleration values as long as the locations are within the area of periodic barriers. 414 
When the distance overtakes the back edge of the SMM area, the accelerations are recovered, 415 
and the values can be higher than those of natural ground. 416 
 The IL with cases of 2×2, 4×4, and 6×6 inclusions is shown in Figure 15 (b). The case of 417 
6×6 inclusions has maximum IL with 30 dB, while the case of 4×4 inclusions exhibits 23 dB, 418 
and the 2×2 inclusions can reduce the vibration level with 13 dB. Therefore, when 419 
frequencies are lower than 45 Hz, the mitigation of ground vibration level is significant with 420 
increasing the number of inclusions. Also, the maximum values of IL occur at frequencies 421 
lower than 9 Hz for three cases, corresponding to the theoretical dispersion prediction. It is 422 
also noted that the case of 4×4 inclusions exhibits negative values of IL when the frequencies 423 
are higher than 55 Hz, indicating that the vibration level can be amplified due to the 424 
propagations of dynamic waves behind the SMM area.  425 
6.2 Initial distance 426 
 427 
             (a)                (b)              (c)             (d) 428 
 429 
(e)                                  (f) 430 
Figure 16 Insertion loss with different initial distances (a) theoretical band gap (b) IL at two 431 
points when d =18.4 m (c) IL at two points when d = 24 m (d) IL at two points when d = 30 m 432 
(e) IL distribution with Line II when d = 24 m (f) IL distribution with Line II when d = 30 m 433 
 The initial distance (d, as shown in Figure 8) between the front edge of the SMM and the 434 
center line of the track is varied for 18.4 m, 24 m and 30 m. Figure 16 shows the IL with three 435 
cases. Note that Point C and D are relative positions to the SMM area in Figure 16 (b), (c) and 436 
(d). When d =18.4 m, 
/C Dd =30 m; When d =24 m, /C Dd =35.6 m; and when d =30m, /C Dd = 437 
41.6 m. The IL at Point C and D exhibit a similar tendency for three cases. Although the 438 
maximum values of IL have some differences, they occur at the frequencies of 0-9.1 Hz. The 439 
IL distribution can also reflect the SMM locations since the maximum IL appears in SMM 440 
area, as shown in Figure 16 (e) and (f). Therefore, the initial distance exhibits an insignificant 441 
influence on the ground vibration mitigation effect using SMM. 442 
6.3 Train speed 443 
 444 
(a)                                     (b) 445 
Figure 17 Ground vibration responses with varied train speeds (a) One-third octave band 446 
RMS spectrum of ground without SMM at Point D (b) IL at Point D 447 
 The train speed is changed from 200 km/h to 380 km/h. Since the frequency components 448 
of ground can change with train speed, the one-third octave band RMS spectrum of natural 449 
ground is first obtained with five cases of train speeds, as shown in Figure 17 (a). When the 450 
train speed is relatively lower (200 km/h and 250 km/h), the pronounced frequencies are 451 
distributed in 20-30 Hz. When the train speed is higher (≥300 km/h), the frequency 452 
components within 9 Hz are more evident. Figure 17 (b) shows the corresponding IL with 453 
different train speeds. Although the significant frequency components change with train 454 
speeds, the mitigation of ground vibration level is still pronounced within frequencies lower 455 
than 9 Hz since the band gap is one of the inherent characteristics of the SMM. It is noted that 456 
the distribution of IL is scattered with different train speeds when the frequencies are higher 457 
than 40 Hz, but it is insignificant since the RMS accelerations are quite low at these 458 
frequencies.  459 
7. Conclusions 460 
As an innovative vibration mitigation solution, seismic metamaterial (SMM) has received 461 
increasing attention as it can theoretically shield dynamic waves in certain frequency bands. 462 
However, the application of the SMM in railways is recent, and the related research is 463 
ongoing, so the mitigation effects by SMM in railway-induced ground vibrations are still 464 
unknown. This study is thus the world’s first to investigate the ground vibration mitigation 465 
using SMM-based barriers in high-speed railways. The dispersion theory is proposed to 466 
obtain the theoretical band gaps of the SMM. In order to investigate the influence of SMM on 467 
the ground vibrations, a 3D coupled train-track-soil model is developed based on the 468 
multi-body simulation principle, finite element theory and perfectly matched layers method 469 
using LS-DYNA. The proposed models were validated by comparing the results with 470 
previous works. Based on the ground vibration responses from the models with and without 471 
SMM, the following conclusions can be drawn: 472 
(a) The pronounced frequency components should be attenuated in railways, and they 473 
correspond to the theoretical band gap of SMM. Although the dominant frequencies of natural 474 
ground vary with the distance from the railway track, they are lower than 9 Hz at longer 475 
distances in this study. The SMM, which is adopted in this railway, possesses a band gap with 476 
0 - 9.1 Hz. 477 
(b) In time domain, the SMM performs an excellent vibration mitigation effect. The 478 
mitigation of acceleration occurs both in and behind the SMM area. The accelerations reduce 479 
by a maximum of 96%. Also, the SMM interferes with the propagation paths of dynamic 480 
waves and attenuates the vibration accelerations. 481 
(c) In frequency domain, the most significant vibration mitigation components in 482 
railways correspond to the theoretical dispersion predictions, which is lower than 9 Hz. 483 
However, the SMM globally exhibits a better mitigation effect in railways. The SMM can 484 
significantly reduce the ground vibration level since the maximum insertion loss is higher 485 
than 40 dB.  486 
(d) The number of inclusions can increase the mitigation effect of SMM, while the initial 487 
distance of SMM exhibits an insignificant impact on ground vibrations. In addition, the train 488 
speed can arouse different pronounced frequency components, but the mitigation components 489 
are still determined based on the dispersion relations. Therefore, when the SMM is adopted in 490 
railways, the number of inclusions and train speed should be considered in practice. 491 
 It is also noted that this study aims to create new contribution towards a better 492 
understanding into the mitigation effects by SMM for railway-induced ground vibrations. 493 
This simulation can reflect the vibration mitigation effect using SMM to a certain extent. 494 
Further experimental studies are recommended to be investigated in the future before the 495 
SMM is adopted in railways in practice. 496 
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